Long noncoding RNAs (lncRNAs) have recently emerged as pivotal regulators in governing fundamental biological processes, as well as in tumorigenesis. The nuclear paraspeckle assembly transcript 1 (NEAT1) is one of the most highly regulated lncRNAs in recent genomic datasets, however, its biological role and regulatory mechanism in ovarian cancer (OC) development and progression are poorly defined. In this study, we identified that NEAT1 was up-regulated in OC patients and cell lines, and its expression was associated with the FIGO stage and lymph node metastasis. Furthermore, the ectopic expression of NEAT1_1 in OVCAR-3 cell lines promoted cell proliferation and invasion, whereas knockdown of NEAT1_1 did the opposite. Furthermore, NEAT1_1 was stabilized by an RNA-binding protein HuR, but suppressed by miR-124-3p in OC cells. Accordingly, the increased HuR mRNA and decreased miR-124-3p levels were observed in OC patients. These results suggested that lncRNA NEAT1, whose expression was collaboratively controlled by HuR and miR-124-3p, could regulate ovarian carcinogenesis and may serve as a potential target for antineoplastic therapies.
Introduction
Ovarian cancer (OC) is the most lethal gynecological cancer and a common cause of cancer-related deaths in women worldwide [1, 2] . Despite advances in surgery and chemotherapy, the overall survival of OC remains low. Therefore, a deep understanding of the molecular mechanisms implicated in ovarian carcinogenesis is required for the development of OC prevention, diagnosis, and therapy.
Recent studies have revealed that a number of lncRNAs have essential roles in a diverse range of cellular processes such as proliferation, differentiation, apoptosis, and cell fate as well as disease pathogenesis, causing a paradigm change in our understanding of gene regulation networks [3] [4] [5] . For example, lncRNA HOX antisense intergenic RNA (HOTAIR) has been found to be dysregulated in a variety of cancers, such as urothelial carcinoma, pancreatic tumors, hepatocellular carcinoma, colorectal carcinomas, and OC [6] [7] [8] [9] [10] . Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also named nuclear-enriched abundant transcript 2 (NEAT2), is a widely expressed lncRNA that was first identified as a factor indicating high metastatic potential and poor prognosis in non-smallcell lung cancer (NSCLC) [11] [12] [13] [14] . Recently, MALAT1 has been associated with several human neoplasms including lung, liver, renal, colorectal, gastric, and breast cancers [15, 16] . Maternally expressed gene 3 (MEG3) also encodes an lncRNA, which is lost or significantly reduced in neuroblastomas, hepatocellular cancers, gastric cancer, and gliomas [17, 18] . Therefore, identification of differential expression is the first step in the elucidation of lncRNAbased molecular mechanisms capable of regulating tumorigenesis.
The nuclear paraspeckle assembly transcript 1 (NEAT1) is one of the most highly regulated lncRNAs in recent genomic datasets [19, 20] . NEAT1 is transcribed from the familial tumor syndrome multiple endocrine neoplasia type 1 locus, which has two isoforms, 3.7 kb NEAT1_1 and 23 kb NEAT1_2 [19] . The alternation of NEAT1 level has been reported in different types of human malignancies, including leukemia, colorectal cancer, glioma, and hepatocellular carcinoma [20] [21] [22] [23] . Given the essential nature of NEAT1 function in different human carcinomas, we decided to investigate its role in human OC. In this study, we perform RT-qPCR analysis to detect the NEAT1 level in 65 paired OC tissues and adjacent normal tissues. Elevated NEAT1 levels were observed in OC patients, compared with the levels detected in adjacent normal tissues. We further identified that the up-regulation of NEAT1 in OC was mediated by HuR, which binds to NEAT1 and increases the steady-state levels of NEAT1. In contrast, a small noncoding RNA, miR-124-3p, directly targets NEAT1 and reduces its expression level in OC cells. Taken together, the expression of NEAT1 was controlled by two regulators, HuR and miR-124-2p, respectively. In ovarian carcinogenesis, increased HuR and decreased miR-124-3p collaboratively contributed to the overexpression of NEAT1. We also demonstrated that inhibition of NEAT1 (NEAT1_1) could reduce OC cell growth and progression. Collectively, our results may identify NEAT1 as a novel modulator of ovarian carcinogenesis, and illustrate a regulatory networks including HuR, miR-124-3p, and NEAT1.
MaterialsandMethods Ovariancancertissues
Ovarian cancer tissues and their paired normal tissues (located >1 cm away from the tumor) were obtained between May 2012 and April 2015 from 65 OC patients undergoing surgery at the Tianjin central hospital of gynecology obstetrics. Tissue samples were immediately snapfrozen in liquid nitrogen, and stored in liquid nitrogen until RNA extraction. The use of the tissue samples for all experiments was approved by all the patients and by Ethics Committee of the institution.
Cellculturesandcelltransfection
The OC cells lines used in this study were purchased from the Cell Resource Center of IBMS, CAMS. All cells were grown in RPMI 1640 media supplemented with 10% FBS and penicillin/streptomycin, and cultured in a 5% CO2 humidified incubator. The OVCAR-3 cell lines were transfected with plasmid constructs as a final concentration of 2 μg/mL using Lipo2000 (Invitrogen, CA, USA) in accordance with the manufacturer's instructions, and transfected with siRNA, siRNA control, miR-124-3p mimic, negative scramble control (GenePharma, Shanghai, China) at a final concentration of 25 nmol/L using DharmaFECT 1 (Dharmacon; Lafayette, CO) in accordance with the manufacturer's instructions.
TissueRNAisolationandRT-qPCR
Total RNA was extracted from the cells and tissues using Trizol reagent (Invitrogen, CA, USA), according to the manufacturer's instructions. RT-qPCR assay was conducted to detect the level of RNA transcripts. Briefly, cDNA was synthesized by M-MLV reverse transcriptase (Invitrogen) from 3 μg of total RNA. Oligo (dT18) RT primer was used for the reverse transcription of lncRNA and mRNA. Stem-poop RT primer was used for the reverse transcription of miR-124-3p. RT-qPCR was performed on the Bio-rad CFX96 real-time PCR System (Bio-rad, CA, USA) using KAPA PROBE FAST qPCR Kits (Kapa Biosystems, MA, USA) and TaqMan probes (Invitrogen). The miR-124-3p-specific forward primer sequence was designed on the basis of miRNA sequences obtained from the miRBase database. Human GAPDH and U6 snRNA were used for mRNA/lncRNA and miRNA normalization, respectively.
Luciferasereporterassay
The sequence from NEAT1 that containing the putative miR-124-3p-binding sites was PCR amplified and cloned into pGL3 to generate the corresponding reporters. A mutation in the miR-124-3p-binding site sequence was created using the QuickChange SiteDirected Mutagenesis kit (Stratagene, CA, USA). For luciferase reporter analysis, the 293T cells were co-transfected with 0.4 μg of the reporter construct, 0.02 μg of pRL-TK control vector, and 5 pmol of miR-124-3p mimic or scramble controls. Cells were harvested 48 h post-transfection and assayed with Dual Luciferase Assay (Promega, WI, USA) according to manufacturer's instructions. All transfection assays were carried out in triplicates. 
Cellinvasionassays
OVCAR-3 cells were grown to confluence on 12-well plastic dishes and treated with plasmid constructs pCMV6-NEAT1_1 and empty pCMV6. After 24 h transfection, 1 × 10 5 OVCAR-3 cells in serum-free media were seeded onto the transwell migration chambers (8 μm pore size; Millipore, Switzerland) which coated with the upper chamber of an insert coated with Matrigel (Sigma-Aldrich, St Louis, MO). Media containing 20% FBS were added to the lower chamber. After 24 h, the noninvading cells were removed with cotton wool, invasive cells located on the lower surface of the chamber were stained with MayGrunwald-Giemsa stain (Sigma-Aldrich, USA) and counted using a microscope (Olympus, Tokyo, Japan). All experiments were performed in triplicate.
RNAImmunoprecipitation(RIP)assays
OVCAR-3 cells were collected and washed one time by PBS, and the pellets were resuspended in freshly prepared RIP buffer, kept on ice for 20 min and centrifuging at 10,000 g for 10 min. Anti-HuR antibodies were added to (5 μg) to the supernatant and incubate for 4 h at 4°C with gentle rotation. Add protein A beads (40 μL) and incubate for another 2 h at 4°C with gentle rotation. Pellet beads at 1600 g for 30 sec, remove the supernatant, and resuspend beads in 500 mL RIP buffer. Repeat for a total of three RIP washes, followed by one wash in PBS. Isolate coprecipitated RNAs by resuspending beads in TRIzol RNA extraction reagent (1 mL) according to manufacturer's instructions.
RNApull-downbyMS2-MBP
Maltose-binding protein (MBP)-affinity purification was used to identify RNA-binding proteins (RBPs) that were associated with NEAT1. The MS2-MBP protein was expressed and purified from E. coli following a protocol from the Steitz lab. Three bacteriophage MS2 coat proteinbinding sites (5′-cgtacaccatcagggtacgagctagcccatggcgtacacc atcagggtacgactagtagatctcgtacaccatcagggtacg-3′) were inserted downstream of NEAT1_1 by site-directed mutagenesis using Stratagene's QuikChange Site-Directed Mutagenesis Kit. To obtain proteins associated with Ms2-tagged NEAT1_1, OVCAR-3 cells were transfected with pCMV6-NEAT1_1-MS2 constructs for 48 h, and 1 × 10 7 cells were used for each immunoprecipitation assay.
Westernblotanalysis
Immunoblotting analysis was carried out using standard methods. Proteins were separated by 10% SDS-PAGE, and transferred onto PVDF membranes (Millipore Corporation, Billerica MA, USA). Membranes were blocked overnight with 5% nonfat dried milk for 2 h and incubated with anti-HuR antibody (Abcam, ab54987) at 1:1000 dilution; anti-GAPDH antibody (Proteintech) at 1:50,000 dilution overnight at 4°C. After washing with TBST (10 mmol/L Tris, pH 8.0, 150 mmol/L NaCl, and 0.1% Tween20), the membranes were incubated for 2 h at room temperature with goat anti-mouse antibody (Zsgb-bio, Beijing, China) at 1:20000.
Statisticalanalyses
Student's t-test (two-tailed) was performed to analyze the data. A two-sided P-value of less than 0.05 was considered statistically significant. All statistical computations were performed using SPSS (SPSS Inc., Chicago, IL, USA).
Results

AberrantexpressionoflncRNANEAT1in humanOCtissuesandcelllines
To determine the expression level of lncRNA NEAT1 in OC, RT-qPCR analysis using TaqMan probes was conducted in 65 pairs of clinic OC tissue and matched adjacent normal tissue samples, and normalized to ACTB. Among them, 49 cases (~75%) showed significantly increased level (>1.5-fold) of NEAT1 in tumor tissues compared with their normal control, whereas only 10 cases (~15%) showed down-regulated NEAT1 level (>1.5-fold) in OC samples (Fig. 1A ). In summary, the level of NEAT1 was significantly increased in OC tissue compared with adjacent normal tissues (Fig. 1B) . Next, the clinicopathological significance of NEAT1 expression in OC was analyzed. Interestingly, we found that the higher NEAT1 was positively correlated with the FIGO stage of tumor (Fig. 1C ) and the occurrence of lymph node metastasis (Fig. 1D ), but not with other clinicopathological variables (Table  S1 ). These results indicated that the dysregulation of NEAT1 in OC patients might suggest a potential oncogenic role of NEAT1 in ovarian carcinogenesis.
NEAT1promotesOCcellproliferationand invasion
To investigate the potential role of NEAT1 in OC progression, we first detected the relative levels of NEAT1 in seven different OC cell lines, including HO-8901, A2780, CAOV-3, SKOV-3, OVCAR-3, OVCAR-4, and OVCA-433. Because NEAT1 was found to be expressed at the highest level in OVCAR-3 (Fig. 1E) , we chose this cell line for further analysis. A construct containing the 3.7 kb NEAT1 isoform (pCMV-NEAT1_1) was transfected into the OVCAR-3 cells and the efficiency of NEAT1_1 overexpression was subsequently confirmed by RT-qPCR ( Fig. 2A) . The ectopic expression of NEAT1_1 led to significantly increased proliferation compared with the empty vector-transfected OVCAR-3 cells (Fig. 2B) . Accordingly, flow cytometric analysis revealed that the percentage of S phase cells was also increased by ~15% in OVCAR-3 cells upon NEAT1_1 overexpression (Fig. 2C) . Next, transwell assays showed increased number of OVCAR-3 cells in lower section in the NEAT1_1 overexpressing groups (Fig. 2D) .
In contrast, two sets of siRNAs specific to NEAT1 (si-NEAT1_1-1 and si-NEAT1_1-2) were transfected into OVCAR-3 cells to further test whether this lncRNA was functionally involved in OC tumorigenesis. The intracellular level of NEAT1 was reduced by threefold and fourfold in OVCAR-3 cells treated with NEAT1_1 siRNAs compared to the siRNA controls (Fig. 2E) . Cell proliferation of OVCAR-3 cells was inhibited in NEAT1_1 knockdown groups (Fig. 2F) , and the cell cycle progression was also retarded (Fig. 2G) . In addition, reduced expression of NEAT1_1 dramatically inhibited the normally strong invasive capacity of OVCAR-3 cells as indicated in the transwell invasion assay (Fig. 2H) . Taken together, these results suggest that NEAT1_1 might act as an oncogene through promoting cell proliferation and invasion in OC cells.
NEAT1isphysicallyassociatedwithand stabilizedbyHuR
Based on the above findings that NEAT1 participated in ovarian carcinogenesis, we decided to explore the regulatory mechanism controlling NEAT1 expression in OC cells. A previous study has indicated the interaction between HuR and NEAT1 RNA in a genome-wide screen for sitespecific interactions between RNA-binding factors and total RNA called PAR-CLIP [24] . Therefore, we first tested the interaction between HuR and NEAT1 in OC cells by RNA-immunoprecipitation (RNA-IP). RIP lysate prepared from OVCAR-3 cells were immunoprecipitated by antiHuR antibody or mouse IgG, and the co-precipitated RNA was validated by RT-qPCR. As shown in Figure 3A , the endogenous NEAT1 transcripts were specially associated with HuR in OVCAR-3 cells. Additionally, to further validate the association between HuR and NEAT1_1, we performed an RNA pull-down analysis to isolate the endogenous HuR associated with NEAT1_1 (Fig. 3B) . The precipitated proteins were analyzed by immunoblotting and results showed that the MS2-tagged NEAT1_1 (NEAT1_1-MS2) in OVCAR-3 cells was significantly enriched for HuR compared to the MS2-tagged scrambles (scramble-MS2) (Fig. 3C) . The irrelevant protein GAPDH was used as a negative control. Furthermore, the interaction specificity was further examined by a competitive RNA pull-down experiment. The binding of HuR to MS2-tagged NEAT1_1 was efficiently competed by increasing amounts of non-MS2-tagged NEAT1_1 (Fig. 3D) . Taken together, these data suggested that NEAT1_1 RNA represents a target for HuR in OC cells.
Since the human RBP HuR is a conserved mRNA stability regulator [19] , we next detected whether HuR could influence the stability of NEAT1_1 RNA in actinomycin D (AcD)-treated OVCAR-3 cells. As expected, overexpression of HuR resulted in twofold to threefold increase in NEAT1_1 level after cell transcription was blocked by AcD (Fig. 3E) . In contrast, a significant decrease in NEAT1_1 level was observed in OVCAR-3 cells with HuR knockdown (Fig. 3E) . In summary, these data demonstrated that HuR could bind to NEAT1 and increase its stability.
ExpressionofHuRisup-regulatedinOC tissues
Given the regulatory roles of HuR on NEAT1 expression, we continued to detect whether the expression of HuR was also altered in OC tissues. RT-qPCR was first used to measure the level of HuR mRNA in above 65 pairs of OC samples and showed the up-regulation of HuR mRNA in ~73% of them (Fig. 4A) . In summary, HuR mRNA was significantly increased in OC tissues compared with adjacent normal tissues (Fig. 4B) . Moreover, the higher HuR mRNA level was also positively correlated with the FIGO stage of tumor (Fig. 4C ) and the occurrence of lymph node metastasis (Fig. 4D) . Therefore, HuR may also play an important role in ovarian carcinogenesis.
NEAT1isatargetofmiR-124-3p
Although the RNA stability was largely affected by such RBPs, the recent competing endogenous RNA (ceRNA) hypothesis posits that specific lncRNA could be targeted by specific sets of miRNAs. Thus, we began to search for potential miRNAs which target NEAT1. After alignment, we found two putative binding site of miR-124-3p in the NEAT1_1 transcripts (Fig. 5A) . To validate whether miR-124-3p regulates NEAT1_1, we first cloned the wildtype or miR-124-3p-binding site-mutant NEAT1_1 (Fig. 5A) into a pMIR-reporter plasmid and co-transfected these constructs into 293T cells with an miR-124-3p mimic or a negative control (scramble), respectively. Reporter assays in 293T cells revealed that miR-124-3p significantly reduced the luciferase activities of wild-type NEAT1_1 reporters compared to the scramble (Fig. 5B) . In contrast, the luciferase activities of the mutant reporters were not repressed by miR-124-3p, indicating that the repression was dependent on miRNA binding (Fig. 5B) . Moreover, RT-qPCR assay was carried out in OVCAR-3 cells and showed that NEAT1_1 was about twofold lower in cells transfected with miR-124-3p mimics (Fig. 5C) .
Accordingly, the down-regulation of miR-124-3p was seen in patients with OC compared to the normal tissue controls (P < 0.01) (Fig. 5D and E) . However, there was no statistical significance of miR-124-3p level with the FIGO stage (Fig. 5F ) and the occurrence of lymph node metastasis (Fig. 5G) .
Taken together, a positive relationship between HuR and NEAT1 expression was observed in above OC samples, whereas the miR-124-3p level was negatively correlated with NEAT1 expression in OC (Fig. 5H) .
Discussion
Paraspeckles are unique subnuclear structures that are built around a specific long noncoding RNA (lncRNA), NEAT1, which is comprised of two isoforms (NEAT1_1 and NEAT1_2) that are produced by alternative 3′-end processing [25] . The NEAT1_1 and NEAT1_2 isoforms ratio dynamically changes in a cell type-specific manner. In adult mouse tissues, NEAT1_2 is expressed in limited cell types, such as the epithelial layers of digestive tissues. By contrast, NEAT1_1 is expressed in a broader range of cell types [25] . After its finding, the biological role of NEAT1 was mainly related to hypoxia, viral infection as well as human embryonic stem cells differentiation [21, 26, 27] . Recently, the levels of NEAT1 are reported to be dynamically regulated in different cancer types. For example, the plasma NEAT1 level could act as fingerprint in NSCLC [23] . NEAT1 expression in colorectal cancer was up-regulated and related to tumor differentiation, invasion, metastasis, and TNM stage [22] . Moreover, the high NEAT1 expression was shown to be an independent prognostic marker of poor outcome in colorectal cancer [22] . Besides these findings, NEAT1 was also involved in hepatocellular carcinoma, chronic lymphocytic leukemia, and prostate cancer [20, 28, 29] . However, its involvement in ovarian tumorigenesis has not been well defined. In that regard, it would be interesting to test the biological and mechanistic significance of NEAT1 in OC. In general, our observations corroborated that NEAT1 was an oncogenic regulator for human OC cells. Therefore, its regulation in cancer along with the development of new therapeutic targets of NEAT1 may represent promising tools against OC therapy.
Post-transcriptional regulation through specific RBPs is emerging as a critical regulating level in nearly all the biological processes. As a kind of RBPs, HuR plays important role in stabilizing and/or modulating the translation of many of its target mRNAs including p21, c-fos, VEGF, MKP-1, TNF-α, Bcl-2, Mcl-1, and p53 [30] . The exact mechanisms by which HuR stabilized these mRNAs are not fully defined, but HuR likely competed with other RBPs that might lead to their recruitment to the exosome for mRNA degradation [30] . Through its influence on specific target mRNAs, HuR can alter multiple cellular responses to proliferative, stress, apoptotic, differentiation, senescence, inflammatory, and immune stimuli [31] . Recently, HuR is increasingly recognized as a pivotal factor in cancer-related gene expression. This function is based on HuR's ability to promote the expression of proteins that enhance proliferation, inhibit apoptosis, increase angiogenesis, and facilitate invasion and metastasis [30] . Meanwhile, HuR has also been the focus of several studies in OC [32, 33] . Consistent with these studies, our results also indicated the oncogenic role of HuR in OC. However, unlike these studies, we focused on its control of an lncRNA rather than protein-coding mRNAs in tumorigenesis. Specifically, we identified lncRNA NEAT1 as a novel target of HuR in OC cells. In agreement with this influence, we observed enhanced NEAT1 expression upon HuR overexpression, whereas reduced NEAT1 level when HuR was inhibited. In addition, we also found the significantly increased HuR mRNA expression in OC Most diseases, including human cancer, are frequently associated with an altered transcription pattern [34] . The past few years have witnessed an exciting increase in the richness and complexity of RNA-mediated regulatory circuitries including new types of RNA-RNA interaction, especially the interaction between miRNAs and lncRNAs via complementary base pairing [35] . MiR-124-3p is the most abundant miRNA in the brain, and the biogenesis of miR-124-3p displays specific temporal and spatial profiles in various cell and tissue types [36] . Recently, the link between dysregulation of miR-124-3p and different tumors has become evident [37, 38] . However, the relationship between miR-124-3p and OC had not been reported. In this study, we found that miR-124-3p is markedly decreased in OC patients, and its tumor suppressive roles might due to its regulation on NEAT1 expression.
Taken together, our research demonstrated that NEAT1 acts as a key regulator in human ovarian carcinogenesis and revealed two regulatory factors (HuR and miR-124-3p) of NEAT1 expression. In ovarian carcinogenesis, there is a close connection between the up-regulation of HuR, down-regulation of miR-124-3p, and NEAT1. These results have significant implications regarding our understanding of OC pathogenesis. Moreover, the pleiotropic effects of NEAT1 on OC tumorigenesis suggest that it could be an effective target for antineoplastic therapies.
